Recent bioinformatics studies have demonstrated a wide-spread occurrence of the hammerhead ribozyme (HHR) and similar small endonucleolytic RNA motifs in all domains of life. It is becoming increasingly evident that such ribozyme motifs participate in important genetic processes in diverse organisms. Although the HHR motif has been studied for more than three decades, only little is known about the consequences of ribozyme activity on gene expression. In the present study we analysed eight different naturally occurring HHR sequences in diverse genetic and organismal contexts. We investigated the influence of active ribozymes incorporated into mRNAs in mammalian, yeast and bacterial expression systems. The experiments show an unexpectedly high degree of organism-specific variability of ribozymemediated effects on gene expression. The presented findings demonstrate that ribozyme cleavage profoundly affect gene expression. However, the extent of this effect varies and depends strongly on the respective genetic context. The fast-cleaving type 3 HHRs [CChMVd(-) and sLTSV(-)] generally tended to cause the strongest effects on intracellular gene expression. The presented results are important in order to address potential functions of naturally occurring ribozymes in RNA processing and post-transcriptional regulation of gene expression. Additionally, our results are of interest for biotechnology and synthetic biology approaches that aim at the utilisation of self-cleaving ribozymes as widely applicable tools for controlling genetic processes.
Introduction
Self-cleaving ribozymes have been investigated since the 1980s, but only recently their biological diversification and potential roles have begun to take shape [1] . An increasing number of self-cleaving RNAs have been identified in nature. Among the earlier examples are the hairpin, hepatitis delta virus, glucosamine-6-phosphate synthase (glmS) riboswitch, Neurospora Varkud satellite (VS) and the hammerhead ribozymes (HHRs) [1] . Recently, new types of ribozymes called twister, twister-sister, hatchet and pistol were discovered [2, 3] . Among the mentioned motifs, the HHR is the most intensely studied ribozyme. The HHR structure comprises a "Y"-shape defined by three stems, with stems 1 and 2 interacting with a distal tertiary contact that promotes fast-cleaving mechanisms due to stabilisation of the conformation of the active site [4] [5] [6] . By optimal positioning of the required residues, a trans-esterification reaction is catalysed resulting in a 5 0 -product carrying a terminal 2 0 -3 0 -cyclic phosphate and a 3 0 -product with a free terminal 5 0 -hydroxyl group [7] . Three different topologies of HHRs can be distinguished, depending and named by which one of the three stems of the motif connects the HHR to the RNA backbone. Recently more than 10,000 HHR motifs have been discovered by bioinformatics analysis in genomic sequences distributed across all kingdoms of life [8] [9] [10] [11] [12] [13] . Generally, HHR motifs have been identified in different locations of the host genomes. Eukaryotic type 1 and 3 motifs are frequently found within tandem repeats, in introns, but also in intergenic regions and in mammals especially in 3 0 -UTRs of mRNAs [12, 14] . Bacterial HHR motifs of type 1 and 3 are often related to bacteriophage sequences and located in intergenic regions [8, 11] .
Although the occurrence in genomes, structural aspects, and the cleavage mechanism of the hammerhead ribozyme are well described, the function of these catalytic RNAs in their natural contexts is less well understood [1] .
In addition to their occurrence in nature, ribozymes have been utilised frequently for biotechnological tasks. For example, when coupled with an aptamer via a so-called communication module, ligand-dependent ribozymes have been engineered [15] . Such aptazymes have been used as versatile tools in synthetic biology. These are useful as biological sensors [16] [17] [18] [19] , for bio-computing [20, 21] and for potential therapeutic applications [22] [23] [24] .
In general, genetic control in eukaryotic systems can be achieved by inserting self-cleaving ribozymes into both the 5 0 -UTR [25] and 3 0 -UTR [26] [27] [28] [29] [30] [31] [32] [33] of a given mRNA. Cleavage of the ribozyme leads to degradation of the mRNA due to removal of the stabilising 5 0 -cap or poly(A) structures and therefore to a decrease of gene expression. De-adenylated mRNAs are rapidly degraded by the cytoplasmic exosome [34] . According to this mechanism ligand-dependent ribozymes have been successfully developed in mammalian cells [22, 25, [31] [32] [33] 35, 36] and in S. cerevisiae [17, 26, [28] [29] [30] . In bacterial systems, aptazymes were based on a Shine-Dalgarno (SD)-masking structure positioned in the 5 0 -UTR [16, 19, [37] [38] [39] [40] . Only few examples of ribozyme control have been designed that function by insertion into bacterial 3 0 -UTRs [41, 42] . Synthetic aptazymes that were constructed in vitro have been shown to perform weakly in vivo [43] . In order to overcome this potential bottleneck, in vivo screening methods have been established for E. coli [39] , S. cerevisiae [28, 29] and mammalian cell lines [25, 27] . Many of the applications developed so far aim at ribozyme-based control of gene expression in mammalian cells. However, the screening throughput is especially low in these cells. This prompted attempts to screen novel ribozyme switches in microorganisms such as E. coli and S. cerevisiae with the intention to later transfer functional switches into mammalian contexts. Although there are successful examples of such transfer approaches [44] , in many cases the implementation in different genetic contexts was not successful [25, 26, 39] . Apart from ligand-dependent aptazymes, naturally occurring constitutively active ribozymes already show some variability regarding the effect of mRNA cleavage on gene expression, depending on the topology and the genetic system [28] . In order to establish strategies and designs allowing genetic control via aptazymes in diverse organisms, aptazymes that were developed in a specific organism need to be optimised with regard to the communication module or the position of the aptazyme within the mRNA. However, due to little experience regarding the transferability of such regulatory elements, there is a need to investigate the effects of naturally occurring ribozymes of different topologies and from different sources in prokaryotic and eukaryotic genetic model systems.
In this work we focus on ribozymes in intergenic regions. We characterised a diverse selection of eight naturally occurring HHR motifs identified in intergenic regions. We compared in vitro cleavage activities with the influences on gene expression in vivo. To gain insight into the transferability of different motifs we analysed the influence of the HHR motifs on gene expression in prokaryotic (E. coli) and eukaryotic (mammalian and yeast) gene expression systems. We included examples of all three topological types of HHR motifs occurring in nature. Our characterisation reveals unexpected features of distinct HHR motifs when analysed within bacterial, yeast and mammalian cellular systems. The present investigation demonstrates a highly motif-and organism-specific influence of ribozyme cleavage on gene expression that needs to be taken into account when constructing ribozyme switches of gene expression based on new HHR motifs.
Results
For the in vitro and in vivo characterisation of different hammerhead ribozyme motifs, we selected eight different, naturally occurring HHR sequences (Fig. 1, Table S1 ). We chose cis-acting HHR motifs of all three circularly permutated topologies that are predicted to be fast-cleaving due to consensus cleavage sites and the predicted presence of a tertiary interaction between stems 1 and 2. The selected HHR motifs were identified in intergenic regions (for the surrounding genetic contexts of the chosen motifs see Table S2 ). We chose the mouse gut metagenome HHR [8] and the fungus Yarrowia lipolytica HHR motifs [8] as representatives of the type 1 HHR topology (Fig. 1A) . The type 2 HHR motifs (Fig. 1B) originate from Roseburia intestinalis (Clostridia, gram-positive bacteria) [13] and sewage microbiome sequencing data [10] (SewR3-00810s-1). The representatives of the type 3 HHR motif (Fig. 1C) were identified in the satellite Lucerne Transient Streak Virus (-) [45] (sLTSV(-)), the Chrysanthemum Chlorotic Mottle Viroid (-) [46] (CChMVd(-)), Arabidopsis thaliana [47] and in marine metagenome sequences [8] . Thus, the selected representatives of the HHR motif originate from diverse taxa including eukaryotic, bacterial and viral species.
Hammerhead ribozyme cleavage kinetics
According to our knowledge, neither in vitro cleavage kinetics nor in vivo studies are available for mouse gut metagenome, Y. lipolytica, R. intestinalis and marine metagenome HHR motifs. However, for some of the selected motifs cleavage reactions have been investigated before under various experimental conditions [5, 10, 47, 48] . We isolated in cis-cleaving versions of the ribozymes to assess the cleavage activity of the naturally occurring sequences under comparable conditions (Table S3 ). We carried out in vitro kinetics by observing the reaction of the incis-cleaving HHR motifs during the transcription process as described earlier [49] . Co-transcriptional cleavage activity was determined in the presence of 6 mM Mg 2+ (see Table 1 , Fig. 2 , Fig. S1 ). We noted very high cleavage activity of the type 1 HHR motifs of the mouse gut metagenome and Y. lipolytica and the type 3 HHR motifs sLTSV(-) and CChMVd(-). All four motifs cleave with k obs values of at least 1 min ¡1 and up to 10 min ¡1 . The motifs of SewR3-00810s-1, A. thaliana and marine metagenome showed much slower co-transcriptional cleavage k obs values below 0.2 min ¡1 . In contrast, no cleavage rate constant could be determined for the R. intestinalis HHR motif (see Fig. 2, Table 1, Fig. S1 ). Here, only 10% of the transcript was co-transcriptionally cleaved (Table 1, Fig. S1 ).
Insertion of HHR sequences into mRNAs for investigating effects on gene expression
To analyse the impact of the cleavage reaction of different ribozyme motifs on gene expression, we inserted the eight motifs into mRNAs of interest. For comparison of different genetic systems, we characterised reporter gene expression in a human cell line, S. cerevisiae and E. coli. As reporter systems we utilised well-characterised plasmid-based gene expression constructs. The position of the active or inactive HHR variant inserted are depicted in Fig. 3A, B, Fig. 4A , Fig. 5A and are described in the Supplementary Note 2. The influence of the cleavage reaction on gene expression was assessed by comparing the gene expression levels of reporter genes containing a catalytically active HHR motif compared to the catalytically inactive HHR variant of the same sequence. The inactive variant is achieved by the same sequence, but with a single A to G point mutation in the catalytic core of the HHR. A control for each reporter system in which no ribozyme sequence was inserted was included in order to assess the effect of inserting additional sequences into the respective mRNA (ctrl).
Ribozyme-mediated effects on gene expression in a mammalian cell line
We utilised a human HeLa S3 cell line transiently transfected with a dual luciferase reporter gene construct. HHR sequences were inserted into the 3 0 -UTR of the Renilla luciferase hRluc reporter gene (Fig. 3A , Supplementary Note 2, Table S4 ) flanked with adenosine-rich sequences that were chosen to diminish the likelihood of interference with HHR structure formation. Transient transfection measurements of both luciferase enzymes were carried out and the Renilla luciferase activity was normalised to Firefly luciferase in order to correct for transfection efficiency. The gene expression results in HeLa cells demonstrate that all investigated HHR motifs except for R. intestinalis and marine metagenome show at least some influence on gene expression by reducing reporter activity in the constructs containing the active version of the HHR (Fig. 3C) .
Some of the inactive HHR motifs such as those from Y. lipolytica, SewR3-00810s-1 and sLTSV(-) seem to have a positive effect on gene expression (Fig. 3C ). The best performing active sLTSV(-) type 3 HHR reduced gene expression up to 60-fold compared to the inactive form in the mammalian expression system (Fig. 3C , fold changes in Fig. S2A ). The type 1 mouse gut metagenome HHR showed the second best performance by reducing expression 22-fold. The active ribozyme constructs of CChMVd(-), SewR3-00810s-1 and Y. lipolytica reduced reporter gene expression to a lower extent (4 to 6.5 fold). In contrast the A. thaliana HHR only weakly down-regulated expression. Taken together, the measured in vitro cleavage activities ( Fig. 2 ) seem to approximate well the influence of the respective motifs on gene expression in the mammalian gene expression setup and demonstrate that there are significant differences in the influence of the diverse tested HHR motifs on mammalian gene expression.
Ribozyme-mediated effects on gene expression in S. cerevisiae
Next, we investigated the same HHR representatives in the context of a S. cerevisiae reporter mRNA as an alternative eukaryotic in vivo system. We were particularly interested whether results in yeast are matching the results for the mammalian expression system. Since the microorganism is more easily cultivated and manipulated, comparable results could justify the use of S. cerevisiae as a model system to predict switching performances also for human cell lines. For assaying the influence of HHR cleavage an assay based on the Gal4 transcription factor that is influenced by an inserted ribozyme motif was utilised ( Fig. 3B, Supplementary Note 2) . The HHR variants were inserted into the 3 0 -UTR of the Gal4 reporter gene (Table S4) . Gene expression was assessed by measuring b-galactosidase activity that is under control of the Gal4 gene product. In order to exclude the formation of alternative secondary structures between the HHR motifs and adjacent sequences, A-rich sequences flanking the HHR motifs in yeast were identical to the ones used in the mammalian system. The determination of b-galactosidase activity (Fig. 3D , fold changes in Fig. S2B ) revealed a > 50-fold reduction of gene expression by the active sLTSV(-) and CChMVd(-) HHRs in comparison to their catalytically inactive variants. A slight reduction of b-galactosidase activity was measured in case of the A. thaliana HHR. However, the active variant of all other investigated HHR representatives did not influence reporter gene expression significantly. Hence, surprisingly the influence of ribozymes on gene expression is not generally comparable between yeast and mammalian expression systems. Especially the fast-cleaving motif from mouse gut metagenome, but also the two moderately active sequences from SewR3-00810s-1 and Y. lipolytica show substantially different effects in yeast versus HeLa S3 cells. Especially surprising is the finding that the sequence taken from another yeast species (Yarrowia) is not able to influence gene expression in S. cerevisiae at least in the tested context.
Ribozyme-mediated effects on gene expression in E. coli
In order to investigate the influence of ribozyme cleavage on gene expression in bacteria, we inserted the HHR motifs into the 3 0 -UTR or 5 0 -UTR of an enhanced green fluorescence protein (eGFP) reporter gene that was expressed in E. coli under control of a constitutive promoter (Fig. 4A and 5A , Supplementary Note 2, Table S4 ).
Although little is studied so far, active ribozymes inserted into 3 0 -UTRs as part of aptazyme strategies were shown to be able to decrease gene expression [41, 42] . When we inserted active HHR motifs into the 3 0 -UTR of the reporter gene, we noted at least some reduction in gene expression compared to the inactive variants (Fig. 4B) . However, a substantial influence on protein expression was only observed for the inserted active HHR motifs sLTSV(-) (2.1-fold) and CChMVd(-) (3.0-fold). We confirmed these results by flow cytometric single-cell fluorescence analysis (Fig. S3B) . Since the 3 0 -UTR as a site of ribozyme cleavage has not been investigated in much detail before, we have further analysed the cause of the reduction. Cleavage of the mRNA in the 3 0 -UTR could result in a reduced half-life due to an increase in mRNA degradation as we have shown before for the Twister ribozyme [42] . We analysed mRNA levels by quantitative real-time PCR (q-PCR) (Fig. 4C, Fig. S4 ).
Down-regulation of mRNA transcripts of the sLTSV(-) HHR-containing construct by 2-fold and of the CChMVd(-) HHR-containing construct by 1.7-fold (Fig. 4C, Fig. S4 ) fitted well with the observed reduction in reporter gene activity, suggesting destabilisation of these mRNA constructs by ribozymemediated cleavage. The mouse gut metagenome-derived HHR displayed a 1.6-fold up-regulation of RNA levels. However, the bulk eGFP expression did not change (Fig 4B, C and Fig S4B) .
We next assessed the influence of the ribozyme motifs when inserted into the 5 0 -UTR of the E. coli reporter gene. The motif was inserted upstream of the ribosome binding site without apparent interaction with the SD region (Fig. 5A) . In contrast to the investigated organisms and genetic contexts above, in several cases the insertion of the inactive HHR motif variants already reduced gene expression significantly compared to the control (Fig. 5B) . This shows that the insertion of the different motifs itself already influenced gene expression in a highly sequence-dependent manner. In contrast to the observations in the 3 0 -UTR and the eukaryotic expression systems, insertion of active HHR motifs in several cases activated gene expression compared to the inactive versions. Flow cytometry single-cell fluorescence analysis showed similar tendencies compared to the bulk measurements (Fig. S3C) . With up to 7-fold increased gene expression levels measured in bulk, the active SewR3-00810s-1 type 2 HHR motif shows the highest influence in this context. Also the mouse gut metagenome type 1 HHR motif increased gene expression 2.4-fold. Analysis of transcript abundancy confirmed this, revealing a 3.1-fold increase in mRNA levels for the active SewR3-00810s-1 HHR motif and a 4.6-fold increase for the mouse gut metagenome HHR motif (Fig. 5C, Fig. S4C ). This finding suggests a stabilising effect on the mRNA by the SewR3-00810s-1, mouse gut MG and CChMVd(-) HHR motifs in the 5 0 -UTR position. This effect could be explained by the generation of the free 5 0 -hydroxylfunctionality of the mRNA. It has been shown previously that such mRNAs are more stable compared to their 5 0 -phosphorylated or triphosphorylated counterparts, see discussion for details [50] [51] [52] . In contrast, only the three active HHR motifs from Y. lipolytica, R. intestinalis and sLTSV(-) reduced expression relative to their inactive variants when measured in bulk. The R. intestinalis and Y. lipolytica HHR motifs showed a 2.4- Figure 2 . Cleavage kinetics of intramolecular HHR representatives. In vitro cleavage rate constants for the investigated HHR motifs were determined co-transcriptionally in the presence of 6 mM Mg
2+
. For the HHR motif R. intestinalis, a k obs value could not be calculated owing to low cleavage extent (Table 1, Fig. S1 ). For more detail see Materials and Methods.
fold and 1.7-fold decreased expression for the inactive HHR versus the active version, however, no correlation of mRNA abundancy and gene expression was observed (Fig. 5B, C) , suggesting a mechanism different from influencing RNA levels. Only for the sLTSV(-) HHR motif, 2-fold down-regulation of reporter gene activity in the bulk measurement correlated with a 4.6-fold decrease in RNA levels (Fig. 5C, Fig. S4C ).
Discussion
We examined the catalytic activity and the influence on gene expression of several HHR motifs with different topologies. We were interested whether any general predictions can be made regarding the transferability of ribozymes into different genetic systems or host species. Especially, the comparison between the two eukaryotic organisms of S. cerevisiae and a human cell line was investigated. Surprisingly, we found that the latter two systems are not well comparable with regard to the influence of HHR-mediated cleavage within the mRNA. We found a remarkable difference of the influence depending on the respective motif and the genetic system. However, the fast-cleaving type 3 HHRs [CChMVd(-) and sLTSV(-)] generally tended to cause the strongest effects on gene expression when tested in the bacterial, yeast, and human 3 0 -UTR contexts. This result is encouraging since it points to the possibility that, given a suited motif is utilised, ribozyme-based switches of gene expression could be engineered that are characterised by a high degree of transferability. Hence the CChMVd(-) and sLTSV(-) motifs are promising candidates for future efforts of utilising HHRs as expression platforms in novel RNA switch designs.
It has been demonstrated that ribozymes inserted into the 3 0 -UTR of a reporter gene in eukaryotic systems destabilise the transcript by cleaving off the stabilising poly(A) tail [36, 53] . It was shown elsewhere that after cleavage of the poly(A) tail of yeast transcripts, remaining secondary structures could still stabilise the transcript [54] . The exosome, degrading deadenylated mRNA in 3 0 -5 0 -direction, may be inhibited by secondary structures since non-single-stranded RNA does not fit into its catalytic channel [55] . Accordingly, only type 3 HHR motifs as sLTSV(-) and CChMVd(-) showed strong in vivo effects in the yeast system, whereas type 1 and 2 HHR motifs showed only minor or no effects (Fig. 3D) . After mRNA processing by type 3 HHRs, the bulk of HHR structure is in the 3 0 -cleavage product and 5 0 -3 0 -celavage products are hold together by stem 3 only (Fig. 1C ). Stem 3 dissociation will then release a mRNA processing product with a single-stranded 3 0 -end that becomes vulnerable to exonucleolytic degradation. This explanation could also explicate the influence of these two motifs on gene expression in the mammalian context. However, in the mammalian cell line additional HHR motifs show effects on gene expression that are not explained by this mechanism.
In general, the mRNA half-life should play a crucial role in determining the effect of the HHR-based cleavage on gene expression. However, mRNA half-lives vary drastically in the studied organisms ranging from hours in human cell lines to up to 30 min in yeast and around 2-5 min in E. coli [56] . Extended half-lives would increase the probability of HHR motifs to undergo cleavage and thereby affect the levels of the respective mRNAs. Such a general tendency is indeed observable when comparing the effects of HHR motifs in the 3 0 -UTRs of the bacterial, yeast and mammalian expression system.
Only few examples are published with 3 0 -UTR inserted aptazymes in bacterial systems yet [41, 42] . Our results support the prediction of downregulation of gene expression by cleavage of HHR motifs sLTSV(-) and CChMVd(-) inserted into the 3 0 -UTR of gene constructs in the E. coli system. Upon cleavage of the ribozymes at the 3 0 -end, protecting groups like terminator stem-loop structures are cleaved off and therefore 3 0 -exonucleases [50] could degrade the mRNA more easily. Furthermore, at least for type 3 HHR motifs, its potentially protective secondary structures are largely removed upon cis-cleavage (as reasoned above for eukaryotic mRNAs), which may facilitate 3 0 -to 5 0 -exonucleolytic decay [57, 58] . Taking also into account the possible effect of different mRNA half-lives as discussed above, it seems reasonable to assume that in yeast and particularly E. coli only the HHR motifs with the highest activity will show pronounced effects on gene expression.
In comparison to the 3 0 -UTR, results obtained with HHRs inserted into the 5 0 -UTR of an E. coli mRNA were much less predictable. This observation fits to reports that showed that C until OD 600 of 1.2. Transcript levels of eGFP were determined by qRT-PCR using RNA purified from these cultures. Fold changes of RNA level were calculated as the ratio of expression state for constructs with inactive versus active HHR motifs after normalisation to a reference gene, equal to 2 -DDCq (for details, see Materials and Methods). Error bars represent the standard deviation of experiments performed in biological triplicates.
changes within the 5 0 -UTR had often unpredicted consequences for gene expression [59, 60] . Nevertheless, the observed influences could in principle be exploited in novel synthetic devices that provide gene expression control. With regard to the effect of ribozyme-mediated cleavage, the active HHRs in many cases activated gene expression rather than inhibited it. This behaviour could be explained by a stabilising effect of generating a non-phosphorylated 5 0 -end of the mRNA. This unusual end is no substrate for RppH [50] which usually removes pyrophosphate from the 5 0 -end of triphsphorylated RNA to leave transcripts with a 5 0 -monophosphate. The latter are substrates for RNase E-dependent mRNA degradation [50] [51] [52] . The measured mRNA levels support this hypothesis. Especially the active SewR3-00810s-1 HHR motif shows high gene expression compared to its inactive variant. After cleavage of the SewR3-00810s-1 HHR motif in the 5 0 -UTR a stable pseudo-knotted structure will remain on at the 5 0 -end and may have a stabilising effect on the transcript. Although this could be the case for other type 2 HHR motifs as well, the R. intestinalis HHR motif does not show such an effect possibly due to its much slower cleavage rate. However, to act as switches of gene expression in the 5 0 -UTR, usually ribozymes have been employed in a special setup where they mask the Shine-Dalgarno sequence and hence control translation initiation [39] . Our results support the necessity of such special mechanisms for a robust implementation of ribozymes into the 5 0 -UTR of bacterial mRNAs.
In conclusion, we showed that empirical testing of different ribozyme motifs is crucial for developing effective RNA devices for the control of gene expression in cells and organisms. Our data demonstrate highly motif-and host-specific effects of ribozymes on gene expression. We analysed eight naturally C overnight (20 h) and eGFP expression was determined in these outgrown cultures. Black bars: reporter gene containing catalytically active HHRs; grey bar: reporter gene with catalytically inactive HHR. Ctrl: Parental expression construct lacking ribozyme sequences. eGFP expression was normalised to OD 600 and an equally treated culture which did not express eGFP was used to subtract background. Error bars represent the standard deviation of experiments performed in biological triplicates. (C) Quantification of relative mRNA levels of selected HHR motifs. Cultures of the E. coli strain were grown at 37 C until OD 600 of 1.2. Transcript levels of eGFP were determined by qRT-PCR using RNA purified from these cultures. Fold changes of RNA level were calculated as the ratio of expression state for constructs with inactive to versus active HHR motifs after normalisation to a reference gene, equal to 2 -DDCq (for details, see Materials and Methods). Error bars represent the standard deviation of experiments performed in biological triplicates.
occurring HHRs in vitro and in vivo, including novel and so-far uncharacterised motifs from the R. intestinalis as well as marine metagenome and mouse gut metagenome contexts. Notably, HHRs of all three topological types tested are able to self-cleave in vitro and in vivo and can influence gene expression in certain genetic setups. However, some ribozyme motifs showed profound effects only in some genetic contexts. On the other hand, with the CChMVd(-) and sLTSV(-) motifs we identified selfcleaving HHR sequences that significantly influenced gene expression in all tested 3 0 -UTR setups, paving the way for the development of highly transferable ribozyme sequences in artificial RNA-based genetic switches.
Material and methods
In vitro transcription and cleavage kinetics All HHR motifs (active and inactive variants) were PCR-amplified with Phusion polymerase (NEB) using DNA templates containing a T7 promoter and the respective HHR sequence (see Table S3 ). DNA concentration was determined with OligoCalc online tool. For measuring cleavage during transcription according to [49] Plasmid construction for gene expression in S. cerevisiae Standard molecular cloning procedures were performed as described. Constructed plasmids are based on the pBT3-K5-Gal4 plasmid with the same insertion technique as described before [28] . HHR motifs were amplified by PCR using the E. coli plasmids as templates and inserted via SpeI and NotI into the 3 0 -UTR of the GAL4 gene. Sequences are given in the Supplementary Information and all constructs were verified by DNA sequencing (GATC Biotech).
Plasmid construction for gene expression in mammalian cells
Standard molecular cloning procedures were used as described. Constructed plasmids were based on the psiCHECKTM-2 plasmid (Promega). HHR motifs were amplified by PCR using the E. coli plasmids as templates and inserted via SpeI and NotI into the 3 0 -UTR of a hRluc reporter gene. Sequences are given in the Supplementary Information and all constructs were verified by DNA sequencing (GATC Biotech).
Mammalian cell culture
Mammalian cells were grown in DMEM supplemented with 10% FBS, 100 U/mL and 100 mg/mL streptomycin at 37 C in a humidified incubator maintaining a CO 2 level of 5%. For transfection of the cell line HeLa-S3, 30,000 cells per well were seeded into a 96-well microtiter plate and incubated for 16 h at 37 C. Transfection was conducted using 50 ng DNA and 0.5 mL Lipofectamine® 2000 which was resuspended in DMEM. After 6 h 50 mL DMEM (+10% FCS) was added to increase the FCS level to 5%. After incubation for additional 18 h a dual luciferase assay (Promega) was conducted according to the manufacturer's recommendations.
In vivo gene expression analysis and quantification in S. cerevisiae
Yeast experiments were conducted with the S. cerevisiae MaV203 strain at 30 C in Synthetic Complete medium containing 2% (w/v) glucose. For measurements of the b-galactosidase expression, yeast cultures were grown to stationary phase in SC-Leu medium with shaking at 200 rpm at 30 C using an Infors HT Ecotron shaker. 100 mL of each culture were transferred into a 96-well microtiter plate and OD 600 was measured using a Tecan Infinite® M200 plate reader. Expression of LacZ was measured with the Gal-ScreenTM b-galactosidase Reporter Gene Assay System and luminescence was determined with a Tecan Infinite® M200 plate reader. Luminescence values were corrected by normalisation to the OD 600 values. An equally treated culture which did not express GAL4 was used for subtraction of background luminescence. All experiments were performed in biological triplicates and error bars represent standard deviations.
In vivo gene expression analysis and quantification in E. coli Experiments were performed using the Escherichia coli Top10 strain. All plasmids were transformed by electroporation. Bacterial cultures were cultivated in 24-well cell culture plates in 1 ml LB medium supplemented with 100 mg/mL carbenicillin.
For in bulk eGFP expression measurement, bacterial colonies were grown to stationary phase (20 h) at 200 rpm and 37 C in an Infors HT Ecotron shaker starting from a preculture. 100 mL of each culture were transferred into a 96-well microtiter plate and OD 600 and the fluorescence of the expressed eGFP was measured with a Tecan Infinite® M200 plate reader (excitation wavelength: 488 nm, emission wavelength 535 nm). Fluorescence values were corrected by normalisation to OD 600 values. An equally treated culture which did not express any eGFP was used for subtraction of background fluorescence. All experiments were performed in biological triplicates and error bars represent standard deviations.
Flow cytometric analysis
For flow cytometry analysis E. coli bacterial cultures were grown to stationary phase as described before. 1 ml of culture was harvested, pelleted and washed in 1x PBS. Finally, the pellet was dissolved in 1.5 ml 1x PBS and analysed with a FACScalibur cell analyser (BD Biosciences Singapore, FlowKon facility) by using a 488-nm argon laser for excitation. Fluorescence of 100,000 cell counts was detected through FL-1 band pass filter with photon multiplier tube voltage of 880. Additionally, forward scatter (FSC) and side scatter (SSC) were measured. Signals were amplified with the logarithmic mode. All cytometric data were gated and analysed with the CellQuestPro software. Populations were compared in histograms with counts plotted against FL-1 signal.
Quantitative RT-PCR
Total RNA was isolated using the QIAGEN RNeasy Mini Kit with additional RNAprotect Bacteria Reagent and RNase-Free DNase Set. Total RNA was purified from late exponential growth cultures. Samples were grown in biological triplicates at 37 C, 200 rpm until an OD 600 of 1.2. For checking the protein levels of eGFP, a gene expression assay as described before was carried out. RNA was purified using the provided protocols from QIAGEN for bacterial cells. DNA digestion was performed on-column (QIAGEN). Purity of RNA samples in DEPC-treated water was given by A 260 /A 280 of > 2. Synthesis of cDNA and non-reverse transcribed controls (NTCs) were performed by using the QuantiTect ® Reverse Transcription kit (QIAGEN). The data set of quantitative RT-PCR (qPCR) presented derived from first time thawed cDNA samples. For detection of eGFP target gene forward primer 5 0 -GAAGGA-GATATACCATGGGCCATCA and reverse primer 5 0 -GCTGAACTTGTGGCCGTTTAC (target length 164 nt) were used. The reference gene ssrA (miscRNA) was amplified by forward primer 5 0 -ACGGGGATCAAGAGAGGTCAAAC and reverse primer 5 0 -CGGACGGACACGCCACTAAC (target length 65 nt). qPCR runs were performed on a TOptical thermocycler (Biometra, Analytic Jena) in 96 well plates with a final volume of 10 ml with 0.5 ml cDNA from synthesis in GoTaq® qPCR Master Mix (Promega). The following thermocycler parameters were used initial denaturation at 95 C, 2 min; denaturation 95 C, 15 s, annealing and extension at 60 C, 60 s in 35 cycles. The prepared cDNA was diluted 10-fold before further analysis. The qPCR efficiency (E) was calculated with the slope of dilution curves depicted, according to the equation: E = 10 [-1/slope] . E values of 1.97 and 2.06 were determined for ssrA and eGFP, respectively (see Fig S3) . Specificity of qPCR was determined by melting curve analysis performed after the final extension, starting from 60 C up to 95 C. Melting temperatures were 81. 8 C for ssrA and 85.6 C for eGFP. C q values were determined using the qPCR 3.2 software (Biometra, Analytik Jena). Water controls were added to each plate. Samples were analysed by delta-C q method, leading to a DC q = C q (sample) -C q (reference gene). Established and comparable primer efficiencies allowed description of expression changes relative to the reference gene by 2 ¡DCq , with DCq = Cq(eGFP) -Cq (ssrA), and 2 ¡DDCq indicating the relative changes between constructs containing of active versus inactive HHR motifs. RNA level values normalised to reference gene, equal to 2 ¡DCq were used to test for significance with unpaired t-test two-tailed with not significant (ns), p < 0.05 (
